Introduction
Acute myeloid leukemia (AML) is a clinically and biologically heterogeneous hematologic malignancy characterized by genetic and epigenetic alterations that result in differentiation arrest and clonal expansion of leukemic blasts in the blood and bone marrow (BM). Recurrent chromosomal abnormalities are identified in 55-60% of newly diagnosed adults with AML and provide powerful prognostic information [1] [2] [3] . The acquisition of an additional, third copy, of an intact chromosome (trisomy) occurs as a sole abnormality in 7-8% of adult patients with AML [4, 5] . However, the molecular features of AML patients with these numerical abnormalities are not well understood.
Among sole trisomies, those involving chromosomes 4, 8, 11, 13 and 21 account for 89-95% of all sole trisomies in AML patients [4, 5] , and each associates with variable disease outcomes [4] [5] [6] [7] [8] [9] [10] [11] . For instance, patients with sole trisomy 8 (+8), the most frequently detected trisomy, have been reported to have an intermediate outcome according to some [2] , and an adverse outcome according to other studies [9] . AML patients with isolated +4, +11, +13 and +21 had a poor prognosis in most [4, 7, [10] [11] [12] , but not all [5] , reports. Patients with any sole trisomy are categorized as having intermediate-risk disease according to the 2017 European LeukemiaNet (ELN) classification, provided that no other coexisting gene mutations lead to their reclassification into the favorable-or adverse-risk groups [13] .
As the critical importance of gene mutations for disease biology and therapy response has been acknowledged by the inclusion of several mutations into the classifications of the World Health Organization and the ELN, the frequencies and impact of those mutations have been most extensively studied in patients with cytogenetically normal AML (CN-AML) [14] [15] [16] . However, more recently, research on the incidence and prognostic impact of gene mutations in patients with abnormal cytogenetics continues to emerge [16] [17] [18] [19] [20] .
At present there are limited data pertaining to the mutational spectrum of sole trisomies in AML [21] [22] [23] [24] [25] [26] [27] . Moreover, there is limited information regarding clinical and molecular features of patients who harbor a trisomy among other chromosomal abnormalities (non-sole trisomy). In this study, we analyzed the mutational status of 138 newly diagnosed AML patients with sole +4, +8, +11, +13 or +21, treated on Cancer and Leukemia Group B (CALGB)/Alliance for Clinical Trials in Oncology (Alliance) trials, and compared clinical and molecular features among the sole trisomy groups, as well as with those of 131 non-sole trisomy and 716 CN-AML newly diagnosed patients.
Patients and methods

Patients and treatment
We examined 138 adult patients with de novo AML, median age 61 years (range, 19-84), with sole +4 (n = 11), +8 (n = 65), +11 (n = 21) +13 (n = 21) or +21 (n = 20). We also analyzed 131 patients who harbored trisomies of chromosomes 4, 8, 11, 13 and/or 21 and one or more additional chromosome abnormalities (hereafter referred to as non-sole trisomy), as well as 716 adult patients with CN-AML. Patients with acute promyelocytic leukemia were excluded from analysis. Almost all patients received intensive cytarabine and daunorubicin or idarubicin-based induction treatment on CALGB/Alliance trials [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
Details regarding these trials are provided in the Supplementary Information.
Twenty-four of the sole trisomy patients underwent allogeneic hematopoietic stem cell transplantation in first complete remission (CR) and were excluded from outcome analyses. Institutional review board approval of all protocols was obtained before any research was performed. In accordance with the Declaration of Helsinki, patients provided study-specific written informed consent to participate in treatment studies (see Supplementary Information), CALGB 8461 (cytogenetic studies), CALGB 9665 (leukemia tissue bank), and CALGB 20202 (molecular studies), which involved collection of pretreatment BM aspirates and blood samples.
Cytogenetic analyses
Pretreatment cytogenetic analyses of BM and/or blood samples were performed on CALGB companion protocol 8461 in CALGB institutional cytogenetics laboratories using unstimulated short-term (24 and/or 48 h) cultures, and the results were confirmed by central karyotype review as previously reported [42] . In each patient with CN-AML, ≥20 BM metaphase cells were analyzed and the karyotype found to be normal. Viable cryopreserved BM or blood cells of patients enrolled onto the CALGB 9665 tissue bank protocol were stored for future analyses prior to starting treatment.
Mutational profiling
Mononuclear cells were enriched through Ficoll-Hypaque gradient centrifugation and cryopreserved until use. Genomic DNA was extracted using the DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany). The mutational status of 77 protein-coding genes was determined centrally at the Ohio State University by targeted amplicon sequencing using the MiSeq platform (Illumina, San Diego, CA). Additional details regarding molecular analyses are provided in the Supplementary Information [43] [44] [45] [46] [47] [48] .
Clinical endpoints and statistical analysis
Definitions of clinical endpoints, i.e., CR, disease-free survival (DFS) and overall survival (OS), are provided in the Supplementary Information. The main objective of this study was to provide comprehensive mutation analysis of de novo AML patients with sole +4, +8, +11, +13 or +21, and to compare the mutational landscapes among these patients. In addition, we also compared mutational landscape of all patients with sole trisomies combined into one group with those of AML patients with non-sole trisomies and of those with CN-AML. Demographic and clinical features of these groups were also compared using the Fisher's exact for categorical variables and Wilcoxon ranksum tests for two way comparisons or Kruskal-Wallis test for comparison of more than two groups for continuous variables [49] . Estimated probabilities of DFS and OS were calculated using the Kaplan-Meier method [50] , and the log-rank test evaluated differences between survival distributions. All analyses were performed by the Alliance Statistics and Data Center on a database locked on January 9, 2017 using SAS 9.4.
Results
Clinical characteristics and molecular features of patients with sole trisomies
A comparison of pretreatment clinical and demographic characteristics for 138 de novo AML patients with sole +4, +8, +11, +13 and +21 is provided in Table 1 . We detected a total of 444 gene mutations (median, three mutations/ patient, range, 0-9 mutations) in the 138 patients with a sole trisomy. Out of the 78 genes tested, 31 were mutated in 2% or more of sole trisomy patients, indicating a broad mutational spectrum ( Supplementary Table S1 ). When grouped according to gene function [16] , the identified gene mutations were found in all functional groups. However, the mutational profile was predominated by mutations in methylation-related genes (64% of sole trisomy patients; Supplementary Table S2 ), spliceosome-encoding genes (48%), and genes encoding kinases (37%) and transcription factors (36%; Fig. 1a ).
Within the spliceosome-encoding genes, SRSF2 was the most frequently mutated, accounting for more than half (56%) of all spliceosome gene mutations ( Fig. 1b ). Mutations in U2AF1 (28%) accounted for the second most frequently mutated spliceosome gene ( Fig. 1b) .
We observed some differences in the mutation frequencies of specific spliceosome genes depending on the trisomy type (Figs. 1a and 2). SRSF2 mutations were commonly detected in +13 patients, observed in 50% of patients, and were also frequent in +21 patients (35%) and +8 patients (28%), but not as often in +4 (18%) or +11 (15%) patients. U2AF1 was mutated in 43% of +11 patients and in 15% of +8 patients (Fig. 2 ). Other genes that were commonly mutated in several of the trisomy groups included DNMT3A, FLT3 (FLT3-ITD), IDH2, RUNX1, and TET2 ( Fig. 1a ).
Frequencies of gene mutations in some functional groups differed among patients with specific sole trisomies ( Table 2) . Patients with +4 lacked mutations in chromatin remodeling genes which were observed in 14-30% of patients in the other sole trisomy groups (+8, 29%; +11, 14%; +13, 29%; and +21, 30% of patients). In addition, spliceosome mutations were less frequent in +4 patients, detected in 18% of patients, compared with the other sole trisomy groups (+8, 43%; +11, 65%; +13, 65%; and +21, 45% of patients). This suggests that the disease biology of sole +4 patients may differ from that of patients with other sole trisomies. NPM1 mutations, which were found in patients with +4 (36%), +8 (15%), +13 (15%) and +21 (35%) groups, were absent in patients with +11 (Table 2) . A comparison of clinical outcome of patients with sole +4, +8, +13 and +21 who harbored NPM1 mutations with outcome of those without NPM1 mutations revealed that patients with NPM1 mutations had a higher CR rate (94% vs 48%; P < 001) and a trend for a longer OS (P = 0.06; 3-year rates, 47% vs 19%). However, there was no significant difference in DFS between the groups (P = 0.21; 3-year rates, 31% vs 11%).
Based on the assumption that mutations occurring with higher variant allele frequencies (VAFs) may represent earlier events during leukemogenesis than mutations with lower VAFs that presumably occur in a fraction of leukemic blasts at later stages [17] , we examined the VAFs of cooccurring mutations in those sole trisomy patients who harbored two or more mutations. Among the most common gene mutations in patients with a sole trisomy, those that had high VAFs (>0.3) [27] in all or a vast majority of patients with these mutations, were STAG2, TET2, NPM1, IDH2, TYK2, U2AF1, ETV6, SRSF2, DNMT3A, RUNX1, and BCOR mutations. In contrast, low VAFs were found in a majority of patients harboring FLT3-TKD and mutations in the NRAS and WT1 genes.
There were no significant differences in CR rates or OS among the five sole trisomy groups (Table 1) , whereas there were too few patients who achieved a CR to evaluate DFS.
Molecular characteristics of younger and older sole trisomy patients
We also analyzed mutation patterns of patients with +8, +11, +13 and +21 separately in younger (<60 years) and older (≥60 years) patients. The group of +4 patients was too small to allow a similar analysis.
Patients with sole +8 constituted the majority of patients in this analysis (n = 65). Younger +8 patients (n = 33) had higher presenting white blood cell (WBC) counts (median, 20.7 vs 6.6 × 10 9 /l, P = 0.02) and higher median percentage of blood blasts (37% vs 13%, P = 0.004) than older +8 patients (n = 32; Supplementary Table S3 ). There were several notable differences in the mutational landscape between younger and older sole +8 patients. Older +8 patients had more mutations in SRSF2 (50% vs 6%, P < 0.001), RUNX1 (34% vs 9%, P = 0.02) and TET2 (25% vs 6%, P = 0.04) than younger +8 patients ( Supplementary  Table S4 ). Older +8 patients also had a higher number of mutations in spliceosome-encoding genes (69% vs 18%, P < 0.001), transcription factors (55% vs 9%, P < 0.001) and methylation-related genes (72% vs 45%, P = 0.04), and less mutations in genes affecting protein kinase function (21% vs 60%, P = 0.004) than younger +8 patients (Supplementary Table S5 ). Despite these notable molecular Patients who underwent allogeneic stem cell transplantation in first CR are not included in outcome analyses c P-value was not calculated because too few patients achieved a CR Fig. 1 a Oncoprint of mutations found in patients with de novo acute myeloid leukemia and sole trisomies of chromosomes 4, 8, 11, 13 and 21. Only mutations that were found in at least three patients (or ≥2% of patients) in at least one sole trisomy group are included in the oncoprint. Rows represent individual patients, who are arranged with respect to their cytogenetic findings. Columns correspond to single genes that are clustered into the previously described functional groups [16] . The mutation status of each gene is indicated by color: red = mutated, white = wild type, gray = data missing. b Pie chart illustrating percentages of specific spliceosome gene mutations in patients with sole trisomies of chromosomes 4, 8, 11, 13 and 21 differences, there was no significant difference between older and younger +8 patients with respect to outcome ( Supplementary Table S6 ).
Within the sole +13 group, younger patients (n = 8) had a lower pretreatment hemoglobin level (median, 7.7 vs 9.1 g/ dl, P = 0.03), and higher percentages of blood (median, 73% vs 8%, P = 0.009) and BM (median, 87% vs 61%, P < 0.001) blasts compared with +13 patients aged ≥60 years (n = 13) ( Supplementary Table S7 ). The only significant molecular difference between the groups was that no older patient harbored FLT3-ITD whereas 38% of the younger patients did (P = 0.04, data not shown). Notably, we observed RUNX1 mutations in only 38% of our sole +13 patients, which is considerably less than percentages reported previously [22, 23, 25] . There were too few patients to compare outcomes between older and younger +13 patients.
There were no significant differences in clinical features ( Supplementary Table S8 ) or mutation patterns (Supplementary Table S9 ) between younger (n = 5) and older (n = 16) patients with sole +11 or younger (n = 12) and older (n = 8) sole +21 patients (Supplementary Tables S10, S11). There were too few patients to perform outcome analyses.
Clinical features, mutation patterns, and outcome of sole trisomy patients compared with non-sole trisomy patients
We next analyzed pretreatment characteristics, mutation frequencies, and outcome of 131 non-sole trisomy patients and compared these features with those of patients with sole trisomies 4, 8, 11, 13 and 21 combined into one group.
Each AML patient in the non-sole trisomy group had one or more of the five most frequent trisomies (i.e., +4, +8, +11, +13 and +21). The most frequent was trisomy 8, detected in 80 (61%) of 131 patients, followed by trisomy 13 found in 27 (21%) patients, trisomy 21 in 26 (20%) patients, trisomy 4 in 20 (15%) patients, and trisomy 11 detected in 18 (14%) patients (since several patients harbored more than one trisomy, the aforementioned percentages add up to more than 100%). In addition, trisomies of other chromosomes were detected in 48 patients (37%) in the non-sole trisomy group, with trisomy 22 found in 15 (11%) patients, and trisomies of chromosomes 2, 3, 15 and 16 and an extra copy of chromosome Y detected in single patients each. Structural abnormalities were detected in 100 (76%) of the non-sole trisomy patients, and 67 (51%) patients had complex karyotypes ( Supplementary Table S12 ).
Clinically, patients with non-sole trisomy had higher percentages of blood (median, 48% vs 37%, P = 0.03) and BM (median, 72% vs 65%, P = 0.05) blasts compared with patients with sole trisomy (Table 3 ). In addition, patients with non-sole trisomy more often presented with extramedullary disease (26% vs 14%, P = 0.03).
With respect to their molecular features, we observed both commonalities and differences between sole and nonsole trisomy patients. There were several genes that were mutated in ≥5% of patients in both sole trisomy and nonsole trisomy groups; including ASXL1, BCOR, DNMT3A, FLT3-ITD, FLT3-TKD, IDH1, IDH2, NPM1, NRAS, RUNX1, SRSF2, STAG2, TET2, and ZRSR2 ( Supplementary  Table S1 ). Mutations in FLT3-ITD and IDH2 were significantly more frequent in sole trisomy patients than in non-sole trisomy patients (FLT3-ITD, 25% vs 9%, P < 0.001; IDH2, 33% vs 8%, P < 0.001). Mutations in the ETV6 gene were rare, affecting only 4% of sole trisomy patients, but they were absent in non-sole trisomy patients (P = 0.03). We observed a higher frequency of mutations in spliceosome genes, including SRSF2 (29% vs 14%, P = Fig. 2 Oncoprint of mutations found in patients with de novo acute myeloid leukemia and sole trisomy of chromosomes 4, 8, 11, 13 or 21. Mutated genes are clustered into the previously described functional groups [16] . Only genes found mutated in at least three patients (or ≥2% of patients) in at least one of the trisomy groups are included in the oncoprint. The frequency of each mutation detected within a given cytogenetic subset is indicated by color as shown in the legend 0.003) and U2AF1 (14% vs 4%, P = 0.003, Supplementary  Table S1 ), in sole trisomy patients compared with non-sole trisomy patients. In contrast, TP53 mutations were recurrently observed in non-sole trisomy patients, but were rare in sole trisomy patients (17% vs 1%, P < 0.001). Of the 22 patients in the non-sole trisomy group who harbored TP53 mutations, 21 (95%) had a complex karyotype, whereas the remaining patient (5%) had two abnormal clones, one with +9 and +13 and another with a sole +13.
Patients with a sole trisomy had a higher number of mutations compared with non-sole trisomy patients [median mutation number, 3 (range, 0-9) vs 2 (range, 0-8), P < 0.001]. Most of the mutations in the sole trisomy group occurred in genes encoding kinases, methylation-related, spliceosome, and transcription factors, whereas patients with non-sole trisomy had more mutations in genes involved in the RAS pathway as well as in tumor suppressor genes ( Supplementary Table S2 ). There were no significant differences between the sole and non-sole trisomy patients with respect to CR rates, relapse rates, DFS, and OS ( Supplementary Table S13 ).
Clinical features and mutation patterns of patients with sole trisomies compared with those of cytogenetically normal AML patients
We next compared clinical and molecular characteristics between sole trisomy patients and 716 CN-AML patients. Mutation status of the functional groups is defined by ≥1 gene mutation detected in ≥1 of the respective genes assigned to the functional groups [16] : chromatin remodeling (ASXL1, BCOR, BCORL1, EZH2, and SMARCA2), cohesin complex (RAD21, SMC1A, SMC3, and STAG2), kinases (AXL, FLT3 internal tandem duplications [FLT3-ITD], FLT3 tyrosine kinase domain mutations [FLT3-TKD], KIT, and TYK2), methylation-related (DNMT3A, IDH1/2, and TET2), NPM1 (NPM1), the RAS pathway (CBL, KRAS, NRAS, and PTPN11), spliceosome (SF3B1, SRSF2, U2AF1, and ZRSR2), transcription factors (CEBPA, ETV6, GATA2, IKZF1, NOTCH1, and RUNX1), and tumor suppressors (PHF6, TP53, and WT1) a P-values are from Fisher's exact test comparing all five trisomy groups Clinically, CN-AML patients, younger than patients with sole trisomy (median age, 53 vs 61 years, P < 0.001), were less often men (52% vs 67%, P < 0.001) and had higher presenting hemoglobin levels (median, 9.3 vs 8.9 g/dl, P = 0.02), WBC counts (median, 29.5 vs 9.6 × 10 9 /l, P < 0.001), and blood blast percentages (median, 57% vs 37%, P < 0.001), and more often presented with extramedullary disease (29% vs 14%, P < 0.001; Table 3 ). There were several differences in the mutation spectrum between sole trisomy patients and those with CN-AML. Genes that were more commonly mutated in sole trisomy patients compared with CN-AML patients included ASXL1 (15% vs 6%, P < 0.001), BCOR (10% vs 4%, P = 0.004), IDH2 (33% vs 13%, P < 0.001), IKZF1 (4% vs 1%, P = 0.04), RUNX1 (23% vs 10%, P < 0.001), SRSF2 (29% vs 9%, P < 0.001), STAG2 (8% vs 4%, P = 0.04), and U2AF1 (14% vs 2%, P < 0.001; Supplementary Table S1 ). In contrast, we observed higher frequencies of FLT3-ITD (35% vs 25%, P = 0.02), biallelic mutations in CEBPA (12% vs 4%, P = 0.01), and mutations in NPM1 (57% vs 18%, P < 0.001) and SMC3 (4% vs 0%, P = 0.006) in CN-AML patients than in sole trisomy patients ( Supplementary   Table S1 ). Collectively, spliceosome-encoding genes were more frequently mutated in sole trisomy patients compared with CN-AML patients (48% vs 19%, P < 0.001; Supplementary Table S2 ) as expected.
There were also notable differences in disease outcomes and survival in CN-AML patients compared with sole trisomy patients. CN-AML patients had significantly better CR rates (79% vs 56%, P < 0.001) and longer DFS (1.1 vs 0.8 years, P = 0.008) and OS (1.5 vs 1.3 years, P < 0.001) ( Supplementary Table S13 ) than sole trisomy patients.
Discussion
Sole trisomies are relatively frequent in patients with AML and are known to associate with inferior outcomes, particularly in older and nontransplanted patients [4, 51] . Among the sole trisomies, +4, +8, +11, +13 and +21 account for the vast majority of all sole trisomies in AML. The elucidation of both common and contrasting clinical and molecular features between the different recurrent trisomy groups may provide insights regarding disease biology within this specific subset of AML patients. To our knowledge, this is the largest series of patients with sole trisomies for whom comprehensive mutation analysis has been performed, and also the first study that compares these molecular features with those of non-sole trisomy patients and patients with CN-AML.
We observed only a few clinical differences between patients within each trisomy group and although there were a number of mutations that occurred in at least one patient across all trisomy groups, specifically, DNMT3A, FLT3-ITD, IDH2, NRAS, RUNX1, SRSF2, and TET2 mutations, there were a few notable molecular differences. Interestingly, mutations in the chromatin remodeling genes ASXL1 and BCOR were found in all trisomy groups except for +4 patients, and mutations in spliceosome genes were less frequent in patients with +4 compared with the other trisomy groups, suggesting that +4 patients may have a separate disease biology. Another series of 13 AML patients with +4 reported the mutation status of a limited number of genes, but FLT3 mutations were observed in five (four FLT3-ITD and one FLT3-TKD) out of 10 (50%) +4 patients [24] , compared with a single patient in our cohort of +4 patients with FLT3-ITD. Otherwise, the mutation landscape was similar to our patients with +4.
With respect to their outcomes, our +4 patients appeared to have a lower CR rate compared with reports from Lazarevic et al. [5] , Gupta et al. [7] , and Bains et al. [23] (67% vs 86%, 76.7%, and 85%, respectively), but a longer median OS of 33.8 months, which is more consistent with results from Lazarevic et al. [5] and Bains et al. [24] (median OS, 30 and 28 months, respectively), and much P-values are comparing sole trisomy vs non-sole trisomy patients c P-values are comparing sole trisomy vs CN-AML patients higher than the median OS of 9 months reported by Gupta et al. [7] . The small numbers of patients in each of these studies precludes definitive interpretation of these data.
Patients with +11 had a distinct molecular profile (including frequent U2AF1, IDH2, DNMT3A mutations and the presence of FLT3-ITD and MLL-PTD) that has been previously described [27] . In contrast to the other trisomy groups, +11 patients also lacked mutations in the NPM1 gene, which was mutated in 15-36% of the patients in the other trisomy groups. Absence of NPM1 or KIT mutations in patients with +11 in our analysis is consistent with a previous study [52] .
There were no major clinical or molecular differences between younger and older +13 patients. In contrast to other studies that have reported a high frequency of RUNX1 mutations, ranging between 80 and 100%, in AML patients with +13, mainly in AML-M0 [22, 23] , we observed RUNX1 mutations in only 38% of our sole +13 patients.
As a unifying molecular feature of all patients with sole trisomy other than those with sole +4, the high frequency of methylation-related (65%) and spliceosome (50%) mutations may be one of the most significant findings from our analysis. A smaller analysis of patients with isolated trisomy 13 previously reported the high frequency (81%) of SRSF2 mutations in this specific subgroup [25] compared with 50% in our study. Mutations in methylation-related genes are frequently observed in multiple cytogenetic groups as previously reported [19] . Spliceosome gene mutations, in contrast, are known to commonly occur in patients with myelodysplastic syndromes and myeloproliferative neoplasms [53] [54] [55] but have been infrequently reported in de novo AML patients [19] . Therefore, we consider the relatively high frequency of spliceosome gene mutations as a striking feature of our patient cohort.
Overall, there were not many differences in clinical characteristics between younger and older AML patients with sole trisomies, with the exception of patients with +8. As expected, patients with isolated trisomy 8 constituted the majority of sole trisomy patients in this analysis. Older +8 patients have been previously shown to have inferior outcomes compared with younger +8 patients [9] . We also examined the effect of age on molecular changes in patients with sole trisomies. In this series, older +8 patients were found to have a higher frequency of SRSF2, RUNX1, and TET2 mutations compared with younger +8 patients. Notably, from a functional standpoint, the majority of mutations in older +8 patients occurred in methylationrelated genes, spliceosome genes and genes-encoding transcription factors while younger +8 patients presented with gene mutations that most often affected kinase function. These molecular differences between older and younger +8 patients did not translate into significant differences in their CR rates, DFS, or OS.
When we compared the mutation landscape of sole trisomy patients with non-sole trisomy patients, we observed significant differences in the frequencies of FLT3-ITD and mutations in the ETV6 and IDH2 genes between patients with sole trisomy and those with non-sole trisomy. The main limitation of this comparison is the heterogeneous nature of the cytogenetics of the non-sole trisomies group. However, the high frequency of mutations in spliceosomeencoding genes was not seen in patients with additional chromosomal aberrations.
Compared with patients with CN-AML, sole trisomy patients more commonly displayed mutations in spliceosome-encoding genes, as well as ASXL1, BCOR, IDH2, IKZF1, RUNX1, and STAG2 mutations. CN-AML patients, as expected, had higher frequencies of CEBPA, FLT3-ITD, NPM1, and SMC3 mutations [15, 16, 56] . CN-AML patients in our series also had significantly higher CR rates and longer DFS and OS compared with those of sole trisomy patients.
In summary, this study is, to our knowledge, the largest to characterize the clinical and molecular features of AML patients with a sole trisomy. We observed a high frequency of mutations in methylation-related genes as well as in spliceosome-encoding genes in sole trisomy patients. With the exception of sole +4 patients, mutations in spliceosome genes were significantly more common in sole trisomy patients compared with non-sole trisomy AML and CN-AML patients and this represents the most novel finding of this analysis.
